The effects of under-size alloying elements-V, Cr and Ru-and over-size alloying elements-Nb, Ti and Zr-on the workability and low temperature ductility of interstitial free molybdenum were investigated. The workability and ductility of the metal decreased with increasing alloy content, which was related to the atomic size misfit ratio of alloying elements to molybdenum.
Molybdenum is attractive for high temperature application for a number of reasons. However, the metal has at present some drawbacks; for example, high working temperature and relatively high ductile-to-brittle transition temperature (DBTT). The workability and low temperature ductility are, therefore, prime concerns, and these are greatly affected by interstitial impurities(1)- (4) and to a less extent by substitutional alloying elements(5)- (11) . High purity molybdenum is known to have good workability and low temperature ductility (12) , but certainly because of its low strength and low recrystallization temperature its application is restrictive. The increased strength and higher recrystallization temperature attainable by alloying may widen the application of the metal considerably, but the alloying may be restrictive in respect to workability and low temperature ductility.
There are many investigations (5)- (11) treated at 1173 K for 216 ks (60h) in wet hydrogen for decarburizing and followed by treating at the same temperature for 324 ks (90 h) in dry hydrogen for deoxidizing. Scandium, spongy titanium and spongy zirconium were hydrogenated in a palladium-diffused hydrogen atmosphere and then crushed into powder. Vanadium and niobium were once electron-beam melted to be purified and then milled by turning. Chromium and ruthenium were added as high purity metallic powder.
Button-shaped interstitial free molybdenum ingots of 40g were produced with those raw materials by non-consumable electrode arcmelting in an argon atmosphere at about 67 kPa (500 Torr) pressure. Addition of the alloying elements was ranged from 0.05 to 1.5 mass %. The retention of the alloying elements, except chromium, during melting was very good, while the most amount of chromium volatilized during melting because of its high vapour pressure at the melting temperature of molybdenum. The chemical compositions of representative alloy ingots are presented in Table 1 .
Forging test
A forging test was made at 1273 K by 65 reduction in thickness. Molybdenum alloy ingots with a dimension of approximately 30 mm diameter and 9mm thickness were forged to 3 mm thickness with reheating twice in a barium chloride salt bath.
Rolling test
With ingots forged to 3mm in thickness at 1273 K, a rolling test was performed by 65 reduction at 673 and 873 K. The forged ingots were pickled with a nitric acid solution to remove surface oxide films. The ingots were then rolled to 1.0mm thickness with four to six times intermediate heating in a slightly positive argon atmosphere, depending on the alloy composition and rolling temperature. 
Bend test
Bend specimens with a dimension of 2mm thickness, 3mm width and 20mm length were made from the plates which were made from the ingots by forging at 1273 K, followed by rolling to approximately 2.1mm thickness at 873 K. The specimens were mechanically polished and then stress-relieved in a vacuum of 10-4 Pa at 1173 K for 3.6ks (1h).
A bend test was performed in the temperature range from 163 to 223 K with a cross head 
Scavenging
Scandium scavenges oxygen in molybdenum by forming a scandium oxide that floats out onto the surface of molten metal during melting. Therefore, it is reasonable to assume that interstitial free molybdenum alloys can be produced by arc-melting with the addition of small amounts of scandium during melting when scandium has a higher affinity to oxygen than alloying elements. This mechanism requires lower free energy of oxide formation for scandium than that for every other alloying element at the melting temperature of molybdenum. Free energy data for oxide formation at the arcmelting temperature of molybdenum can not be procured at the present time. However, the available reference data are given in Table 2 , from which it is expected that interstitial free molybdenum alloy ingots can be produced by arc-melting with addition of 0.2 mass % scandium. Figure 2 (a) shows a button-shaped Mo-0.5 mass %Ti alloy ingot as an example of molybdenum alloy ingots arc-melted with the addi- Table 2 The free energies of formation of oxides at 3000 K(16).
(EPMA) across the slag-metal interface. There are small lumps of slag on the surface of the ingot. In spite of existence of titanium in the slag, the slag is identified as mainly scandium oxide by EPMA line profile analysis, in the same way as in the case of unalloyed molybdenum (15) . Figure 3 shows optical micrographs of Mo-Ti and Mo-Zr alloy ingots arc-melted with and without scandium, respectively. Grains of molybdenum alloys arc-melted with scandium are relatively clean, in comparison with those arc-melted without scandium. These results mean that scandium has a higher affinity to oxygen than other alloying elements, such as vanadium, chromium, ruthenium, niobium, titanium, and zirconium, at the arc-melting temperature. Thus oxygen in molybdenum alloys can be scavenged by the addition of scandium during melting.
Forgeability and rollability
The representative forgings of molybdenum alloy ingots arc-melted with and without scandium are shown in Figs. 4 and 5, respectively. The effects of alloying elements on the forgeability and rollability of interstitial free molybdenum arc-melted with 0.2 mass % scandium are summarized in Table 3 . The forgeability and rollability were classified as "A" or "B"; "A" indicates sound workability and "B" means crack -occurrence during working .
In Mo-V, Mo-Nb and Mo-Ti alloys, all ingots were soundly forged at 1273 K (the maximum amount of alloy additions is 1.5 mass% for each element). However, in Mo-Zr, Mo-Cr and Mo-Ru alloys, sound forgings could be obtained by the addition only up to 0.5 mass % zirconium, 1.0 mass % chromium and 1.0 mass % ruthenium, respectively. The alloys that have good forgeability at 1273 K could be also soundly rolled at 873 K. However, in the rolling at 673 K good rollability could be ob-tained only by the addition up to 0.5 mass % of vanadium, 0.3 mass % of ruthenium, 0.1 mass % of chromium, 0.5 mass % of niobium, 0.3 mass % of titanium or 0.05 mass % of zirconium. Table 3 also shows, for comparison, the effects of alloying elements on the workability of molybdenum arc-melted without scandium. Alloy ingots except some Mo-Ti and Mo-Zr alloys could not be soundly forged at 1273 K, i.e. alloying elements except titanium and zirconium did not improve the forgeability of molybdenum. Although the alloys with the addition of 0.5 to 1.5 mass %Ti or 0.15 to 0.5 mass %Zr could be soundly forged, they could not be soundly rolled at 673 K.
The addition of boron by small amounts is known to improve the forgeability of electron- degrees. This bend angle corresponds to 1.25% elongation of the outer surface of the specimen.
The DBTT was shifted to the higher temperature side with increasing alloy content. The maximum amounts of alloy additions which did not raise the DBTT to a higher tempera- Table 3 Effect of alloying elements on the forgeability and rollability of molybdenum arcmelted with or without 0.2 mass % scandium.* * A: sound working , B: crack-occurrence during working. ** -: not measured . ture than 163 K are 0.7 mass % for vanadium, 0.5 mass % for ruthenium, 0.3 mass % for chromium, 0.5 mass % for niobium, 0.3 mass% for titanium and 0.15 mass % for zirconium. The effect of alloying elements on the DBTT should be considered from the viewpoint of retained atomic percent of alloying elements in the alloys. Table 1 shows the results of chemical analysis for only several ingots, but the retained amount of alloy additions for other ingots can be estimated from the table; that is, the retention of alloying elements during melting is over 90% for all the elements except chromium, of which retention is about 25%. Therefore, referring to Figs. 10 and 11, the retained amounts that did not raise the DBTT to a higher temperature than 163 K are estimated about 1.1 at % for vanadium, 0.42 at % for ruthenium, 0.1 at % for chromium, 0.6 at % for niobium, 0.6 at % for titanium and 0.24 at % for zirconium. Thus, it can be deduced that the DBTT of molybdenum is related to the atomic size misfit ratio of alloying elements to the metal (Goldschmidt atomic diameter(19); Mo-0.280nm, V-0.271 nm, Ru-0.267 nm, Cr-0.257 nm, Nb-0.294 nm, Ti-0.293 nm and Zr-0.319 nm). The addition of vanadium by 1.5 mass %, ruthenium by 1.0 mass %, chromium by 1.5 mass %, niobium by 1.5 mass %, titanium by 1.5 mass % and zirconium by 0.5 mass % raised the DBTT to 183, 193, 193, 183, 203 and 223 K, respectively. Among the alloying elements studied, vanadium and niobium are thought to be most favourable from the workability and ductility points of view.
IV. Conclusions
The present study on the effects of alloying elements, i.e. chromium, niobium, ruthenium, titanium, vanadium and zirconium on the interstitial free molybdenum has yielded the following conclusions: (1) The workability and ductility of interstitial free molybdenum decrease with increasing alloy content. ( 2) The allowable amount of the alloy additions to obtain sound forgings at 1273 K is 1.5 mass % for vanadium, niobium and tita- nium, 1.0 mass % for ruthenium and chromium and 0.5 mass % for zirconium.
The allowable amount of alloy additions which do not raise the DBTT above 163 K is 0.7 mass % for vanadium, 0.5 mass % for ruthenium, 0.3 mass % for chromium, 0.5 mass for niobium, 0.3 mass % for titanium and 0.15 mass % for zirconium. (4) Among the alloying elements studied, vanadium and niobium are thought to be most favourable from the workability and ductility points of view.
